We tested the possibility to map loci affecting the acute inflammatory response (AIR) in an (AIRmax Â AIRmin) F2 intercross mouse population derived from non-inbred parents, by association analysis in the absence of pedigree information. Using 1064 autosomal single nucleotide polymorphisms (SNPs), we clustered the intercross population into 12 groups of genetically related individuals. Association analysis adjusted for genetic clusters allowed to identify two loci, inflammatory response modulator 1 (Irm1) on chromosome 7 previously detected by genetic linkage analysis in the F2 mice, and a new locus on chromosome 5 (Irm2), linked to the number of infiltrating cells in subcutaneous inflammatory exudates (Irm1: P ¼ 6.3 Â 10 À7 ; Irm2: P ¼ 8.2 Â 10
Introduction
Non-inbred AIRmax and AIRmin mice represent a model of the complex genetics of acute inflammatory response (AIR). These mouse lines were phenotypically selected on the basis of their high (AIRmax) and low (AIRmin) response to acute inflammation, measured by the number of leukocytes infiltrating the inflammatory exudate at the site of subcutaneous injection of Biogel P-100 polyacrylamide beads. 1 The maximal phenotypic divergence between the two lines at the selection limit, that is, a 30-fold difference in the number of infiltrating leukocytes of Biogel-induced inflammatory exudates, may be attributed to an additive effect of alleles differentially fixed at homozygosity in each line in an estimated number of 7-11 quantitative trait loci (QTL) modulating AIR. 2 By genetic linkage analysis of the full pedigrees of the (AIRmax Â AIRmin) F2 population, we previously mapped the major inflammatory response modulator 1 (Irm1) locus on distal chromosome 7, linked to the number of infiltrating cells through the production of interleukin 1 beta (IL-1b). 3 QTL mapping in outbred lines requires the availability of complete and fully genotyped pedigrees. Here, we explored the possibility of mapping loci that affect the complex phenotypes in non-inbred crosses even in the absence of pedigree information. Indeed, we have used the genetic information to construct genetic clusters resembling families, allowing to reduce higher dimensional data (genotypes of each individual) into lower dimensions (cluster groups) based on allele sharing distance relationships. 4 
Results
Clustering of intercross mice into genetically related groups Details on genotyping and on the pedigree have been reported. 3 Using genotype data of 1064 autosomal single nucleotide polymorphisms (SNPs) in 281 (AIRmax Â AIRmin) F2 mice, we analyzed genetic clustering and computed the gap statistics, allowing up to 100 null simulations. Visual inspection of the hierarchical plot suggested that the F2 population clusters into several genetically related subgroups (Figure 1 ). Optimal cluster size, which maximizes the distance between the observed and expected log of the pooled within-cluster sum of squares, pointed to 12 genetic clusters (Supplementary Figure 1 ). Borderline statistical associations were detected between genetic clusters and either cell number or IL-1b production (P ¼ 0.0487 and P ¼ 0.0294, respectively; analysis of variance (ANOVA)).
Role of genetic clustering in detection of inflammatory response modifier loci by genome-wide association analysis Analysis of inflammatory related phenotypes by gender indicated statistically significant higher cell counts and IL-1b levels in males (Supplementary Table 1) . Thus, association analysis carried out in the F2 mice was adjusted for additive effects of gender and genetic clusters. The combined analysis detected two loci on chromosomes 5 and 7, respectively, significantly linked to both the number of infiltrated cells and the IL-1b production phenotypes. On chromosome 5, the marker rs13469943 mapping at 31.38 Mb was associated with infiltrating cell number (P ¼ 8.2 Â 10
À5
, Table 1 ), whereas rs3673363 mapping at 35.86 Mb was associated with IL1b production (P ¼ 1.1 Â 10 À6 , Table 1 ). The proximity of these two markers strongly suggests that the same locus, called Irm2, affects both phenotypes. This locus was not detected in a previous genetic linkage analysis of pedigrees in the same F2 mice. 3 On chromosome 7, the Irm1 locus was confirmed as linked to both infiltrating cell number and IL-1b production. In particular, for cell number phenotype, the rs13479477 SNP (P ¼ 6.3 Â 10
À7
, Table 1 ) mapping at 124.38 Mb was one of the best-associated markers identified previously in the pedigree analysis. 3 For IL1b production, three markers were highly significantly associated, including the same SNP rs13479477 linked to infiltrating cell number. The most highly associated SNP was rs32381191 mapping at 135.56 Mb (P ¼ 1.9 Â 10 À16 , Table 3 ), which, together with SNP rs31680975, were also the two best statistically associated SNPs in the pedigree analysis. 3 Complex genetics of inflammatory response evidenced by SNP genetic profile The present genome-wide association analysis detected only two of the 7-11 QTLs expected in AIR lines 2 for the phenotype (number of infiltrating cells) used to select the lines and explained only a small fraction of the phenotypic variation (R 2 ¼ 7.9%, P ¼ 1.7 Â 10
À6
). We therefore explored the effects of more weakly associated genetic markers on inflammatory response, considering the genome-wide statistical threshold of Po3.4 Â 10
À3
proposed for suggestive linkage; analysis revealed 23 SNPs associated with the infiltrating cell number phenotype (Table 2 ) and 31 SNPs linked to IL-1b production ( Table 3 ). Note that in addition to SNP rs13479477 mapping to the Irm1 locus, SNPs rs32381191 and rs31680975, which were highly statistically associated with IL-1b production (Table 3) , were also among the SNPs showing suggestive associations with infiltrating cell number ( Table 2) .
We then constructed a polygenic model to evaluate additive effects of the SNP alleles in modulating individual inflammatory response, as assessed either by infiltrating cell number or IL-1b production. To avoid overestimation of the effects of loci containing multiple associated SNPs, we analyzed only the best statistically associated SNPs located in sliding windows of 10 Mb, which is an approximate chromosomal size containing markers associated to a given QTL in intercross populations such as ours, which have been almost saturated by genetic markers. 5 Overall, 15 SNPs associated with In the cases of association of flanking SNPs (o5 Mb apart), only the best statistically significant association is reported. (Table 2 ) and 18 SNPs linked to IL-1b production (Table 3) were analyzed in the model. For each mouse, the allele-based b-coefficient was attributed to the carrier status of an allele of each SNP associated with either phenotype (Tables 2 and 3 ) and used to calculate the individual genetic score.
In intercross mice, the genetic score estimators calculated from the 15 cell number-associated SNPs and from the 18 IL-1b-associated SNPs showed a statistically significant correlation with the respective phenotype (r ¼ 0.35, P ¼ 1.0 Â 10 À9 for cell number and r ¼ 0.56, Po2.2 Â 10 À16 for IL-1b; Pearson's correlation). For both phenotypes, the polygenic model improved the percentage of variance explained, that is, R 2 from 7.9 to 12.5% for cell number and R2 from 27.0 to 31.6% for IL-1b.
The genetic score estimator of cell number was also able to predict the genetic susceptibility of the progenitor AIRmax, AIRmin and F1 mice (P ¼ 8.5 Â 10
À14
, ANOVA), producing an 'in silico' phenotype similar to the actual phenotype for which the AIR lines were selected ( Figures 2a and b) ; similarly, the estimator of IL-1b levels predicted the genetic susceptibility of the progenitor AIRmax, AIRmin and F1 mice (P ¼ 2.9 Â 10 À10 , ANOVA).
Discussion
Association analysis using genetic clusters as a covariate revealed results similar to those obtained by genetic linkage mapping in pedigrees. 3 Indeed, both analyses mapped the Irm1 locus. We detected an additional locus (Irm2) associated with both phenotypes and mapping on chromosome 5 in which no known loci associated with inflammatory response have been reported (http://www.informatics.jax.org/).
These results demonstrate that genetic clustering can supersede pedigree information in mapping loci that affect complex phenotypes in non-inbred mice. This is particularly relevant when complete pedigrees are not available for genetic linkage studies; here, we show that pedigree derivation up to grandparents can be accurately estimated on the basis of clustering of intercross mice into genetically related groups, using genotype information. 
Association by genetic clusters
A Galvan et al Several other methods have been proposed to map loci modulating a phenotype in outbred mouse lines derived from a complex crossing of inbred mice, including methods based on the probability of allele descends from progenitors. 6 However, by genome-wide analysis, we have found that phenotypically-selected animals, like the AIR mice, show extensive segregation of their genomes and, therefore, association analysis is not able to discriminate false-positive from real-positive associations. 7 Other approaches that are currently used to analyze non-inbred animal line populations are based on pedigree analysis.
In humans, family-based genetic linkage studies have been used for mapping loci affecting monogenic diseases, whereas population-based genome-wide association studies are used for analyzing common complex traits. Population-based studies provide greater power and map resolution than linkage studies, although such studies suffer from population admixture and stratification and from genetic heterogeneity that may cause scarce replication of results in independent populations. 8 Family-based association studies allow to control for population admixture and are being used for genomewide studies on common diseases; 9 however, such studies are limited because of the difficulty in recruiting parental controls, especially for late-onset diseases.
In our mouse population, the polygenic model to assess additive allelic effects of putative loci associated with infiltrating cell number or IL-1b production suggests the plausibility of complex genetics in the control of inflammatory response in the AIRmax and AIRmin lines. Indeed, genetic scores calculated for 15 cell number-associated and 18 IL-1b-associated SNPs using the threshold of genome-wide suggestive association (P ¼ 3.4 Â 10
À3
) were highly correlated with the respective phenotypes in the intercross population and were predictive of the genetic susceptibility of AIRmax, AIRmin and their F1 hybrids to inflammatory response. These results confirm the estimation based on phenotypic variances of the existence of 7-11 loci segregating in the AIRmax and AIRmin mice during phenotypic selection and affecting susceptibility of these mouse lines to AIR. However, as most of these loci show relatively weak effects, they are undetectable in standard intercross populations. Larger intercross populations (4500 mice) may be required to dissect all genetic loci explaining the AIR variance in AIR non-inbred lines. Moreover, as AIRmax and AIRmin mice derived from only eight laboratory inbred strains and segregated more than 12 loci modulating their phenotypes, it seems reasonable to hypothesize that in more heterogeneous populations, such as humans, several dozens of loci control complex phenotypes.
Our findings on the contribution of clustering analysis might be relevant for other phenotypes regulated by complex genetics and selected in experimental stocks, as well as for association studies in humans when data on relatedness among individuals are not available. Clustering individuals based on their genetic composition may also be useful in minimizing the effects of stratification or genetic heterogeneity, 8 which often hamper the detection of authentic loci in association studies, thus providing a bridge between family-based and population-based association studies, rendering these latter more similar to the studies based on pedigrees.
Materials and methods

Mice and phenotypes
AIRmax and AIRmin lines (Ibut:AIRH and Ibut:AIRL formal stock designations at ILAR, Institute for Laboratory Animal Research, National Research Council) and crosses were developed and maintained at the animal facilities of the Laboratory of Immunogenetics of the Butantan Institute. Male and female 8-to 12-week-old mice were used in experiments; pedigrees were obtained by intercrossing 13 AIRmax with 13 AIRmin mice (from the 40th generation of selective bi-directional breeding) as described. 3 The acute inflammatory reaction was induced by subcutaneous Biogel P100 (Bio-Rad, Hercules, CA, USA) and cell counts in the local exudates were assayed as described. 3 IL-1b production was measured in mouse blood samples as described. 3, 10 Ethics statement All procedures were approved by the Institutional Animal Care and Use Committee of Butantan Institute, 
